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Abstract
Background: Increasing energy demands on farm households in Ethiopia have escalated challenges related to land
degradation, indoor air quality, and rural economic development. Soil deterioration followed by reduced carbon
sequestration compounds the adverse effects of environmental degradation and climate change. The Ethiopian
government has disseminated thousands of bio-digesters across rural villages with the hope that introducing bio-
digesters to rural farm households would address all of these issues. However, there is scant information about how
households make energy choices and consequently how the introduction of biogas energy will affect income and
the environment in these rural agricultural communities. Therefore, this study aims to verify how biogas energy
adopters make decisions about their energy consumption and how biogas energy use compares to traditional
alternatives such as firewood, charcoal, and dried animal dung.
Methods: Quantitative data were gathered using semi-structured questionnaires of 300 farmers in the Tigray region
of Ethiopia, following the collection of qualitative data obtained via focus groups. Using descriptive analysis, we
quantified weekly consumption of traditional energy sources and major reasons why households choose each
energy source. We estimated a multivariate probit model and conducted correlation tests to verify the use of
biogas energy as a substitute or complement for traditional energy sources.
Results: Results show that a household’s choice for biogas energy was statistically and positively correlated to both
firewood and charcoal use. Despite biogas digester adoption in several households, the majority continue to depend
upon traditional energy sources. This suggests that overall household energy consumption increases with the availability
of biogas digesters. The study reveals that the size of cattle holding, working age, gender, access to electricity, access to
credit services, and livestock mobility influence household energy choices.
Conclusions: The study concludes that household biogas energy use remains below expectations, even
though subsidies make the units affordable for small farmers. We assert that households are more likely to
adopt technologies that facilitate cooking food, baking injera, and preparing coffee. Biogas utilization might
improve if farmers have access to improved stoves and credit services. However, policy makers also need to
consider the possibility that providing access to biogas digesters may actually increase the use of traditional
fuel sources and have the reverse effect than that intended.
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Background
More than 70% of the population in Africa relies on fuel-
wood energy sources [1], whereby 90% of the resource is
extracted from natural forests [2]. Excessive energy con-
sumption derived from forest resources disrupts carbon
sinks, which compounds the adverse effects of climatic
change [3, 4]. This has further escalated occurrences of re-
curring droughts, flooding, land degradation, and loss of
soil nutrients, which directly affect livestock and crop
yield [5]. Consequently, energy sources in Africa that are
perceived as environmental friendly have received growing
attention [6, 7], especially when these sources also have
the potential to alleviate energy poverty, which is generally
defined as limited or lack of access to modern energy
infrastructure [4].
One sustainable energy alternative that has potential
to provide low-cost energy without the need to harvest
wood is a biogas digester [8–10]. Capturing biogas
during waste decomposition and using it for energy
(herein call the “biogas digestion” process) can reduce
the use of fuel-wood energy [12–15], and hence lessens
the degradation of local forests. This commensurately re-
duces the greenhouse gas (GHG) emissions into the air
and improves carbon sequestration potential [11]. Biogas
digesters can also improve rural livelihoods through en-
ergy cost savings and reduced labor to harvest wood and
by providing organic fertilizers that can enrich soil fertility
[16–18]. The introduction of biogas energy sources, for
instance, in China and India, has effectively improved live-
lihoods of rural communities where it has considerably
decreased the dependence on energy consumption from
fossil and wood sources [16, 19–22].
In many African nations, biogas technology has be-
come an important strategy to provide sustainable en-
ergy [3, 7, 15, 23–25]. In Ethiopia, the increasing rate of
deforestation coupled with the strident pace of popula-
tion growth has escalated energy poverty, severe land
degradation, and loss of soil fertility [18]. The Ethiopian
government decided to subsidize bio-digesters in rural
farm households [7], in an effort to provide a substitute
for firewood, charcoal, dried animal dung, and other ma-
terials. The National Biogas Program (NBP) was imple-
mented to test the feasibility of biogas in actual farm
settings. During the program’s first phase, the government
disseminated 14,000 bio-digesters across four regional
states, Tigray, SNNP (Southern Nations, Nationalities and
Peoples), Oromia, and Amhara [18]. More than 70% of
the nation’s population lives in these regions, whose
energy demand entirely depends on natural forests [22].
Although biogas energy provides promise for Ethiopia,
to date, no study has evaluated how biogas digesters influ-
ence households’ energy choices. To our knowledge, there
has not been a quantitative analysis to predict when
households will substitute away from traditional energy
sources. Until more is known about the decision-making
in these rural households, it will be difficult to predict
whether biogas technology can be successfully adopted in
Ethiopia and other African countries. Reports from previ-
ous studies indicate that a household’s energy choice
could be influenced by various socioeconomic variables,
environmental changes, demographic compositions, and
social factors [3, 7, 15, 18]. However, we are unaware of
any studies that have addressed whether biogas systems
substitute or complement other energy sources. Further-
more, no known study has looked at Ethiopian household
participation in the NBP or evaluated whether the NBP is
cost-effective for households or the government.
In this study, we use data from a survey of over 300
NBP participants in the Tigray region of Northern
Ethiopia to examine how the program has affected
households’ energy choices. The primary research ques-
tions are (1) What energy sources are people using in
these households, and why are they choosing those
sources? (2) Are biogas digesters a complement or sub-
stitute for firewood, charcoal, and dried animal dung?
(3) What factors predict energy choices? (4) What are
the costs and benefits of biogas digesters to farm house-
holds? Other important benefits, such as the impact of
biogas digesters on forest degradation or improved
household health through cleaner burning fuels were be-
yond the scope of this study and prevent us from mak-
ing an estimate of social welfare from the NBP.
In summary, up until this point, there has been a lack
of evidence on the extent of biogas adoption in rural
areas or how to predict whether adopters substitute or
complement biogas energy with other energy sources.
Biogas digesters have considerable potential to improve
the well-being of rural households and to reduce de-
pendence on fuel-wood energy sources, but it is difficult
to predict the extent of this, without first undertaking
research to verify the factors that influence biogas
adopters to replace consumption of firewood, charcoal,
and animal dung with biogas sources.
Hence, this study makes three contributions. First, it
captures household preferences about energy alterna-
tives in a rural, developing country setting. Second, it
determines whether biogas digesters are a complement
or substitute for firewood, charcoal, and dung. Finally,
when these first two contributions are combined with
information about the financial feasibility of the NBP,
this study shows that biogas digesters are a feasible way
to shift the focus away from firewood and natural re-
sources towards a renewable resource that, in addition
to reducing the impact on natural resources, can provide
several other benefits such improved indoor air quality,
organic fertilizer, and additional income. We believe that
policy makers will incorporate results from this study to
explore how to make the NBP program more successful.
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Methods
Methodological framework
This study is based on a survey of 300 small farmers in
the Tigray region of Northern Ethiopia. The results are
presented in four parts. First, we present information
from the survey, including socioeconomic status, energy
consumption, and energy sources. Next, we conduct
three analyses. In the first analysis, we look at what de-
termines which energy sources small farmers choose to
use. In the second analysis, we look at how the choice of
biogas might complement or substitute for other energy
sources such as wood or charcoal. Finally, we review the
financial feasibility of the NBP, as far as it relates to farm
households. A full welfare analysis was beyond the scope
of this study because we lacked information about all
costs and benefits.
Two dominant strands of literature explain household
behavior on energy choice, the “energy ladder” and “en-
ergy stacking” [26–28]. The energy ladder holds the view
that a given household that has a wide range of energy
options can move from one level to another based on in-
come level [5, 29–31]. Stretching along the energy ladder
from bottom to top, the theory has ranked the energy
sources into three levels: primitive, transitional, and
modern [5, 32]. The primitive energy source is located at
the bottom of the energy ladder, which mainly includes
firewood, agricultural residues, and animal dung [18, 32,
33]. In the middle of the ladder, the transition energy
source comprises charcoal, kerosene, and coal. Advanced
energy sources such as electricity, LPG (liquefied petrol-
eum gas), biogas, and other bio-fuels are ranked at the
top of the ladder. The second theory is energy stacking,
which contends that households largely depend on mul-
tiple energy sources [34–36]. Given that affordable fuel
sources are readily accessible, households continue using
more fuel options as long as they find that fuel sources
generate maximum utility [37]. Even if their income level
increases, instead of replacing old energy sources by new
ones, households continue utilizing older sources and
expand their use of energy resources [36]. In most cases,
households make multiple decisions to use a variety of fuel
sources like firewood, charcoal, biogas, kerosene, electri-
city, etc. [38, 39]. The choice of one energy source may
produce another energy source because of their comple-
mentary nature (for example, firewood utilization pro-
duces charcoal). Unlike the energy ladder, energy stacking
theory indicates that a household’s energy choice does not
necessarily follow a unidirectional process.
In rural areas where modern energy options are not
accessible, fuel-wood remains a very important energy
source irrespective of household income. A study done
in Ethiopia indicated that households did not switch to
cleaner or more efficient energy sources when their in-
come increased [40, 41]. Most people in urban and rural
areas of developing countries depended on firewood as
they found it cheaper and more accessible than other al-
ternatives. This suggests that households depend on one
or more energy sources as long as they obtain a max-
imum threshold level of utility they want to achieve,
which is most consistent with energy stacking theory.
In the Tigray study area, energy sources are obtained
from biogas digesters, firewood, charcoal, and dried dung.
Households make four choice decisions, as each activity
provides them a certain threshold level of utility. As
shown in Eq. 1, the dependent variable, energy choice, is
based on four options, each having a discrete binary vari-
able taking value 1 if the energy source is chosen and 0 if
it is not chosen. To formulate the causal relationships, we
used a multivariate probit model. The multivariate probit
model is characterized by a set of “n” binary-dependent
variables (yi) with outcome of binary decisions for each
energy choice. Following the work of previous authors
[43], the functional relationships of household choices
among the energy sources are given by:
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where B, F, C and D represent energy choices obtained
from biogas, firewood, charcoal and dried dung respect-
ively; yi represents the unobserved outcomes of energy
choices, yi denotes the observed outcome of energy
choice, xi is the vector of explanatory variables, and θi is
a vector of coefficients. The decision made by each
household to choose among the four energy options,
given by yi in Eq. (1), is a latent variable and its error
terms are assumed to be correlated with the error terms
arisen from the observed choice given by yi.
With the assumption that the error terms (ε1,… εn) of
the multivariate probit model are normally distributed,
the probability of the four energy choices (discrete
dependent variables) is expressed at n × n covariance
matrix of [ρij]. Denoting the row and column correlation
coefficients by i and j, the cumulative distribution func-
tion of the standard normal distribution function of the
model φ(ε1, ε2, ε3, ε4, ρij) is shown as:
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where Pi is the likelihood probability function, X
' is a
vector of explanatory variables, θ is a vector of coeffi-
cients of each explanatory variable, and εi represents
random error terms distributed at zero means and con-
stant variance with unitary diagonal elements. The prob-
ability of choosing the four energy choices (biogas,
firewood, charcoal, and dung) is given by “Pi” in Eq. (2);
therefore, the marginal effect of each explanatory vari-
able in a multivariate standard normal distribution is
measured by:
∂Pi=∂X i ¼ θ X′θ
 
θi; n ¼ 1; 2; …; n ð3Þ
where Pi is the probability of events to use each energy
choice, θ (X′θ) is the standard normal cumulative dens-
ity distribution function, and X and θ are vectors of
explanatory variables and their coefficients respectively
[42]. In addition to identifying which variables best
explain what type of energy people use, the correlation
of error terms reveals whether the energy sources are
complements or substitutes. This reveals if increasing
the availability of biogas will increase or decrease total
energy use.
Study area and sampling
This research was based on a cross-sectional data gath-
ered in 2015 from two districts namely, Ofla and Hin-
talo-Wejerat. The two districts are found in the Tigray
region of northern Ethiopia. Ofla is situated in the
southern part of the region; it is geographically located
at 12° 30′ (12.5°) North latitude and 39° 20′ (39.33°) East
longitudes with an average elevation of 2667 m above
sea level. In the southeast of the Tigray region, Hintalo-
Wejerat is situated at 13° 09′ (13.8°) North latitude and
38° 39′ (38.8°) East longitude with an average elevation
of 1197 m above sea level. From these districts, we also
obtained financial data records of 2011 through 2015
that illustrate fixed and net variable costs for installation
of a bio-digester contrasting with net benefits.
The survey employed two stages. First, a reconnais-
sance qualitative research phase was completed for a
broader understanding about the current household en-
ergy choices, especially with regard to biogas digesters.
During this stage, we conducted a series of discussions
were held with various representative stakeholders drawn
from farmers, extension workers, and agricultural experts.
The preliminary information gathered during the qualita-
tive research phase was used to refine the study objectives,
sampling methods, and the survey instrument. In the sec-
ond stage, we stratified the two districts into two climatic
zones depending on their agro-ecological locations. Over-
all, there were 1369 cattle owners who already adopted
biogas digesters; among these, 730 (658 males and 72 fe-
males) were in Hintalo-Wejerat and 639 (546 males and
93 females) resided in Ofla. From this population, a repre-
sentative sample size was estimated at 95% confidence
level with precision of 0.05 [14].
n ¼ NZ2P 1−Pð Þ
N :eþZ2P 1−Pð Þ where n = the sample size, N = the
population size, Z = confidence level at 95%, Z = 1.96,
P = estimated population proportion (0.5), and e = the
precision level at 5%.
Therefore, n ¼ 1369 1:96ð Þ20:5 0:5ð Þ
1369 0:05ð Þþ 1:96ð Þ20:5 0:5ð Þ ¼ 299:89
Of the 300 representative sampled respondents, 160
(146 males and 14 females) were proportionately drawn
from Hintalo-Wejerat and 140 (118 males and 22 females)
from Ofla.
Survey results and discussion
Socioeconomic status of the respondents
Descriptive statistics are presented in Table 1. In the ma-
jority of households (N = 292), ages ranged between 19
to 71 years with an average of 43.74 years. Eight house-
holds had a mean age of 67.75 years. Therefore, most re-
spondents were aged for an active labor force. On
average, the family size in each household reached about
5.4 members, with a minimum of 2 and maximum 10.
The mean land size owned by each farmer was about
0.32 ha, and land farmed through a share-in system was
about 1.93 ha. Each household owned an average of 6.94
cattle and varied between 1 and 25. The estimated aver-
age income annually earned from cropping and livestock
was Birr1 3592.06 and 1684.49, respectively.
Biogas digesters were connected to toilets and the
households collected animal dung to feed digesters every
morning. Similarly, group discussants and key infor-
mants expressed that family members took part in feed-
ing their biogas digesters with animal dung and other
residue materials. Largely, females contributed more
labor inputs than men in cleaning, cooking, taking bio-
slurry to back yards, and mixing dung with water to en-
sure its proper functioning.
Energy consumption
Table 2 presents the quantity of traditional energy
sources consumed at the household level. These rural
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households relied on large quantities of these traditional
energy sources, commonly obtained from firewood,
charcoal, dung, and kerosene. Animal dung was the
main source of energy, with households consuming an
average of 19.3 kg weekly. Firewood consumed at the
household level was 14.6 kg/week, whereas consumption
of charcoal was 1.5 kg/week. It was found that house-
holds used to burn dried dung rather than place it in the
bio-digesters. Households elucidated that kerosene for
energy was negligible. In addition, the average amount
of kerosene consumed in liter was the least among other
energy sources (Table 2).
The findings indicate that animal dung was the domin-
ant source of energy. There are three possible reasons
that might explain this result. First, availability of fire-
wood and charcoal in the Tigray region has become very
limited. Second, animal dung is available year-round,
and third, animal dung in the study area is the cheapest
and most affordable energy source. Hence, households
largely used animal dung for cooking and heating.
Reasons reported for using different energy sources
Rural households switch from one energy source to an-
other depending on their local conditions. As shown in
Table 3, about 20.33% of the households reported that
they had access to gather wood sources either from own
homesteads (for example, eucalyptus trees) or from com-
munal areas. Households with access to gather firewood
from communal areas reported that they would keep util-
izing it because of its suitability for baking injera2, prepar-
ing coffee, cooking stew, and heating. Furthermore, 39.7%
of the households tended to choose charcoal due to its
versatility for cooking, roasting, and baking bread.
As reported, households chose biogas energy because
of its compatibility for cooking and lighting. In addition,
biogas allowed them to save large costs that might
otherwise be spent for purchasing firewood and char-
coal. Despite several benefits that biogas digesters could
provide, households were not able to rely on it fully be-
cause they lacked compatible cook stoves for making
coffee and baking bread and injera. The absence of ap-
propriate stoves compelled households to balance their
energy requirements via collection of additional energy
sources such as firewood, charcoal, and dried dung. For
instance, 18.33% of the households mentioned that they
utilized animal dung, owning to its availability and
cheapness in price. In most rural areas, people (mostly
women) collected dung around the home. Despite the
adverse effects of indoor smoke released from dung,
households still continue to use it for cooking stew, bak-
ing injera, and making coffee.
Results and discussion
Determinants of energy choices
Table 4 illustrates regression outputs of the multivariate
probit model. The estimated results show that energy
choice of biogas adopters was significantly influenced
by gender, access to credit services, location (Hintalo-
Wejerat or Ofla), cattle holding, age, livestock mobil-
ity, and access to electricity. The coefficients describe
the influence of each explanatory variable on each of
the four energy choices (dependent variables). Given
Table 1 Socioeconomic characteristics of biogas adopters
Variables Observation Mean Standard deviation Minimum Maximum
Age of household 15–64 years 292 43.74 10.33 19 64
Age of household above 64 years 8 67.75 2.05 65 71
Shared-in-land size in hectares 300 1.93 0.53 1 3
Owned land size in hectares 300 0.32 0.07 0.2 1.25
Family size 300 5.40 1.52 2 10
Cattle holding 300 6.94 2.73 1 25
Income from cropping/year 300 3592.06 1152.11 1200 7960
Income from livestock/year 300 1684.49 1913.72 0 7650
Income from agricultural wages/year 300 209.43 292.96 0 2333
Income from non-agricultural wages/year 300 219.02 591.78 0 320
Table 2 Weekly consumption of traditional energy options
Variables Unit Observation Mean Standard deviation Minimum Maximum
Firewood kg 300 14.6 3.124 7.75 23.25
Charcoal kg 300 1.5 0.52 1 3
Dung kg 300 19.3 7.83 8 42
Kerosene L 300 0.02 0.12 0 1
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results from the regression, the significance level of
each explanatory variable represents the probability
accounted for in variations contained in each
dependent variable (biogas, dried dung, firewood, and
charcoal).
Results showed that female-headed households were
significantly more likely to utilize biogas energy. This
might be because women in the rural areas of Ethiopia
were responsible for handling family-related duties such
as cooking and baking injera, for which they priory seek
sufficient and safe energy source using biogas energy. In
agreement with this finding, research results reported by
another study [45] showed that women, who spend time
in the kitchen, are exposed to indoor smoke and are
more likely to choose better energy sources such as bio-
gas energy. This finding has interesting policy implica-
tions in the sense that biogas dissemination may
contribute to alleviating women’s energy and labor bur-
dens and indirectly contribute to restoration of de-
nuded areas.
Access to credit services is an important variable in
rural energy choices. The availability of credit positively
and significantly influenced adoption of biogas energy in
this study. A possible reason may be because it enabled
biogas adopters to get their digesters repaired and main-
tained. Hence, availability to credit might be an import-
ant addition to any program that aims to help producers
adopt biogas energy. These findings are supported in
other studies. Biogas adopters in Asia and Africa who
had better access to financial services were able to pur-
chase materials needed to function their bio-digesters
[46]. A recent study conducted in Ethiopia similarly re-
ported that availability of credit services in rural areas
was likely to ease financial constraints that require run-
ning bio-digesters [18]. This finding is also consistent
with other studies that show that the availability of fi-
nancial resources to repair biogas digesters affects the fi-
nancial feasibility of these systems in many developed
regions of the world, including the Western United
States [48].
Table 3 Major reasons for choosing the available energy options
Energy type Observation Percentage Major reasons
Firewood 61 20.33 - Suitable for injera baking
- Preferable for coffee preparation in rural areas
- Traditionally known for cooking and lighting
Charcoal 119 39.67 - Compatible for cooking stew
- Culturally accepted for making coffee
- Efficient for baking bread
Biogas 65 21.67 - Suitable for cooking and lighting
- Low cost once installed
- Replaces the high cost of purchasing for firewood
and charcoal
Dung 55 18.33 - Its availability at home and outside
- Cheap or no cost with its easily accessibility
- Used for cooking bread, baking injera, and
making coffee
Table 4 Determinants of energy choices using multivariate probit model
Explanatory variables Firewood Charcoal Biogas Dried dung
Coef. Stan error Coef. Stan error Coef. Stan error Coef. Stan error
Cattle holding 0.0132 0.0351 0.0446 0.0431 −0.1129 0.0485** −0.0250 0.0386
Household members age 15 to 64 0.0352 0.0528 −0.0861 0.0699 −0.2024 0.0739*** −0.0980 0.05753
Dummy variable female = 1 −0.3075 0.3389 −0.8338 0.3629** −1.268 0.5386** 0.0753 0.3880
Access to electricity 0.8505 0.3290*** −0.4368 0.4554 0.6605 0.4538 0.8752 0.327***
Access to credit 0.7711 0.2483*** −0.2945 0.3110 1.528 0.3665*** 0.4561 0.2675
Storing bio-slurry −0.0162 0.0073** −0.0005 0.0087 0.0104 0.0115 0.0004 0.0077
Location −0.1185 0.1916 −0.0564 0.2232 −0.1415 0.2921 0.4672 0.2129**
Livestock mobility 0.4364 0.1948** −0.2695 0.2424 0.1569 0.2923 0.0287 0.2092
Constant −1.069 0.9332 2.9480 1.108 −6.7070 149.88 −1.2030 1.0240
aProbit model: only explanatory variables with at least one significant variable shown. Variables not shown include household members over 64, goat total
livestock unit (TLU), cropping, diversity of income, working time, land size, availability of waste residues, access to extension services, type of stove, and
income level
Significance level: ***1% and **5%
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Location has a significant influence on dried dung as
an energy choice. Farms located in Hintalo-Wejerat were
more likely to use dried dung as compared to those liv-
ing in Ofla. Availability of better forest and bush coverage
in Ofla may be the key reason that households were less
likely to choose dried dung. The implication is that the
success of supporting the adoption of biogas digesters in
rural households may depend on the availability of alter-
native energy sources. In the case of Tigray, it will depend
on how farmers see biogas digesters compared to dung in
one region versus wood and charcoal in the other. Similar
research results reported by others [5] indicated that
dwelling location has a significant influence on the energy
choice of households.
As illustrated in Table 4, cattle holding were negatively
and significantly correlated to the probability of choosing
biogas energy. The negative correlation indicates that
there is a higher probability that biogas adopters will
substitute traditional energy sources (firewood, char-
coal, and dried dung) with biogas energy. The pos-
sible reason might be that biogas adopters possessing
a high number of cattle are more likely to collect
more dung. The results are in congruence with previ-
ous research findings reported about Africa and Asia.
Studies done by [46] in Uganda, [18] in Ethiopia, and
[19] in Bangladesh reported similar findings in that
cattle holding significantly and positively affected
household’s choice to use biogas energy.
The age of household head was negatively and signifi-
cantly related to biogas energy. A 1-year increase in the
household heads’ age corresponds to a decreasing prob-
ability for choosing biogas energy. The implication is
that younger households are more likely to utilize energy
from biogas digesters. Older households may not be in-
terested in the laborious task of feeding and handling of
bio-digesters, choosing instead to continue consuming
traditional energy sources, mainly firewood, charcoal,
and animal dung. In congruence with this finding, others
[47] reported that an increase in the age of household
head correspondingly stimulates farmers in Nigeria to
choose traditional energy sources. Contrary to these
findings, [46] in Uganda and [37] in Ethiopia have indi-
cated that households tend to choose clean and safe en-
ergy sources as they get older. These contrary findings
show the need for further research.
Livestock mobility practiced by cattle owners was
found to have a negative and significant relationship
with energy choices for using biogas and charcoal. The
influence of livestock mobility on consumption of biogas
and charcoal suggests that cattle owners who kept mov-
ing from place to place could not utilize energy from
both energy sources. In other words, households who
experienced livestock mobility might not able to feed
bio-digesters with waste materials.
The estimated result for access to electricity was found
to have positive and statistically significant association
with household’s energy preferences towards the use of
firewood and dried dung. The positive result suggests
that household energy utilization could reflect a comple-
mentary relationship between electricity, firewood, and
dried dung or an observation that electricity is desirable
but still relatively expensive compared to traditional
sources. Contrary to this finding, another study [27]
found that access to electricity has a negative correlation
with a household’s choice for fuel-wood sources.
Impact of bio-digesters on traditional energy sources
Other studies have shown that biogas adopters do not
solely depend on bio-digesters to meet their energy
needs [7]. They rely on the use of available fuel sources
to create stable energy at the household level. In most
cases, they allocate traditional fuel energy resources such
as firewood, charcoal, and dung to complement or sub-
stitute with biogas [18]. Hence, this study attempted to
verify whether biogas digesters contribute to the use of
traditional energy sources. Traditional sources are used
more often when there is a complementary relationship
to biogas and less often when biogas is a substitute.
There is an important need to analyze specific energy
choices among biogas adopters because biogas adoption
by rural farmers ostensibly decreases dependency on
firewood, charcoal, and dung. To discover the extent of
household’s choice among available energy sources, a
multivariate probit model was used (Table 5). The model
helps distinguish whether there is a causal relationship
between household preference and energy alternatives.
Results show that the estimated correlation coefficients
of the error terms (ρ) representing biogas, firewood,
charcoal, and dried dung were statistically significant.
The likelihood ratio test confirms that the error terms of
the four dependent variables of the energy options (biogas,
firewood, charcoal, and dung) were statistically and signifi-
cantly interdependent on each other. Hence, the null hy-
pothesis of no joint significance of the parameters of the
Table 5 Correlation results of the four energy choices using
multivariate probit model
Variable correlations Coefficients Standard error Z P value
Charcoal and firewood 0.274 0.139 1.97 0.049**
Biogas and firewood 0.332 0.135 2.45 0.014**
Dried dung and charcoal −0.469 0.181 −2.59 0.010***
Biogas and charcoal 0.329 0.107 3.06 0.002***
Dried dung and charcoal 0.017 0.139 0.12 0.903
Dried dung and biogas −0.237 0.143 −1.67 0.096
Likelihood ratio test of rho21 = rho31 = rho41 = rho32 = rho42 = rho43 = 0:
chi2(6) = 23.30 Prob > chi2 = 0.0000
Significance level: ***1% and **5%
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four variables is rejected using the likelihood ratio test, im-
plying the need to apply a multivariate probit model.
The correlation of the error terms of the energy
choices confirms the presence of simultaneous decisions
made by households in utilizing the energy options ei-
ther for complementary or substitute purposes. This in-
deed indicates that the choice for one energy source is
affected by the consumption of another energy source.
The correlation results support the assumption of inter-
dependence among the energy sources. As illustrated in
Table 5, dried dung and biogas were substitutes. The
negative correlation coefficient indicates the interchange-
ability between dried dung and biogas as energy sources.
Another study presents a similar finding, indicating that
the substitution of burning dried dung with biogas energy
not only alleviates health problems arising from indoor air
pollutions but also enriches land fertility [25]. To a
broader extent, a significant shift from the use of animal
dung towards biogas energy is indicative of a pattern to-
wards replacing unclean and unsafe energy technology
with modern and safe technology [18].
The findings also show that biogas energy has a posi-
tive and significant relationship with energy sources ob-
tained from firewood and charcoal. The positive result
suggests that household energy utilization reflects a
combination of energy sources that includes biogas, fire-
wood, and charcoal. Biogas adopters might demand add-
itional energy sources if they are unable to obtain
sufficient energy from the bio-digesters. In addition, bio-
gas adopters faced with inadequate power for cooking,
system failure, or maintenance problems might seek to
complement their biogas energy with additional energy
sources such as firewood, charcoal, and dung. In this cir-
cumstance, biogas adopters needed to fill their energy
deficiency by relying on additional resources. This in-
creases the overall demand for energy.
Farmers use multiple sources to ensure the availability
of reliable energy and to fuel different household needs. It
appears as though many farmers are not willing to rely to-
tally on biogas because they need cook stoves for baking
injera and bread. As a result, households consume
multiple energy sources simultaneously. Similar findings
reported by [18] showed that lack of an injera stove for
the existing biogas digesters highly restrained households
from using biogas energy effectively. The implication is
that the dissemination of biogas energy to rural farmers
has not yet realized its full potential. Even though the
biogas energy presents potential to improve social and en-
vironmental quality, unsustainable energy choices have
remained dominant in the study area. These results are
also consistent with a research study in Nigeria that
showed that biogas adopters tended to utilize a combin-
ation of multiple energy sources due to the fact that some
energy sources may not always accessible [5].
The positive and significant relationship between fire-
wood and charcoal indicates the existence of strong com-
plementarities. Likewise, others have [44] found that
households who burned firewood could also simultan-
eously produce charcoal, and hence, most households pre-
ferred charcoal to firewood because energy from charcoal
is smokeless, adds pleasant aroma to food, is suitable for
cooking, and is compatible to use with any other stove
types. At the household level, people burn firewood to get
charcoal though the converse is not true. The comple-
mentary nature of these energy sources suggests that bio-
gas adopters utilize biogas energy in combination with
other energy sources. As similarly concluded by others
[18], the utilization of such energy sources reiterates rural
household dependence on forest woods, which is more
likely to lead to increasing deforestation and land
degradation.
Financial feasibility of biogas digesters
As a final piece to the biogas puzzle, we sought to deter-
mine whether biogas digesters were financially feasible
for households. The results presented earlier in the
paper largely depend upon biogas being reasonably
priced compared to other energy sources. A financial
analysis of biogas digesters in the pilot areas of the Ti-
gray region was also conducted to ascertain whether bio-
gas digesters were financially viable for households. As
shown in Table 6, the benefits from the biogas digesters
include increased yield (teff for this example) due to the
enhanced fertilizer provided from the digester and cost
savings obtained by offsetting the consumption of trad-
itional fuels. Altogether, these benefits total Birr 4366
per year for the typical farmer. The initial investment is
amortized over 25 years at 12%, then added to operating
costs, which yields a total operating and investment cost
of Birr 1862. This “social” net benefit is Birr 2504 per
household. The social net benefit is already sufficient to
recommend digesters to households, but since they are
subsidized, we computed the private net benefit after a
subsidy of Birr 3717 is provided to each household. The
social benefit/cost ratio is 2.35 (the total benefits of Birr
4366 per year divided by “social” net benefits of Birr
2504 per household), which is sufficiently large to rec-
ommend these systems with relative confidence that
they will pay themselves off. While the subsidies are not
technically necessary, it is likely that adoption of the bio-
gas systems is less attributable to credit constraints and
more attributable to the uncertainty surrounding the ef-
ficacy of the systems. The results presented here can
help address the latter issue.
Conclusions
This study examines the contribution of biogas digesters
to the energy choices made in rural farm households in
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the Tigray region of northern Ethiopia. A financial ana-
lysis shows that biogas systems increase net farm in-
comes by offsetting fuel costs. We use a survey to
examine what energy sources farmers used and to ex-
plain why they use them. A quantitative analysis was
done with a multivariate probit model. Owing to the
help of a pilot program that offered subsidies, several
households have already adopted bio-digesters; neverthe-
less, most of them still depend extensively on firewood,
dung, and charcoal for part of their energy. The results
indicated that the size of cattle holding, working age,
gender, access to electricity, access to credit services,
and livestock mobility were statistically significant fac-
tors that affect farmer’s energy choice. In contrast to the
theory of energy ladder, the study found that household’s
income level did not show a significant influence on en-
ergy choice. In fact, the results are more consistent with
energy stacking theory that posits that individuals are re-
liant upon multiple energy sources.
We now return to the four research questions pre-
sented at the beginning of the article. Based upon our
study results, in some farm households in Ethiopia, bio-
gas digesters serve as a substitute for some traditional
fuels. They are also heavily subsidized by the Ethiopian
government with the hope of providing several social
and environmental benefits. However, despite our ana-
lysis showing that biogas digester units can pay for
themselves by increased yields and offsetting the costs
associated with traditional fuels, farm households con-
tinue to use these traditional fuels.
Another important question is how biogas will affect
the consumption of other energy sources. A comple-
mentary relationship could increase the consumption of
a potentially unattainable fuel, like firewood. The results
show that a household’s energy choice for both biogas
and animal dung was a negative relationship, implying
their choice to substitute dung for biogas energy. The
correlation of the error terms from the probit model
were used to more carefully capture unobserved co-
rrelations among the available energy alternatives (bio-
gas, firewood, charcoal, and dung). Households made
decisions to complement or substitute any of the four
energy options, and results of the correlation coefficients
statistically confirmed the presence of interdependence
among the energy alternatives. It was further found that
farmers’ choice for biogas energy source was statistically
and positively correlated to both firewood and charcoal.
This result reveals that policy makers should be careful
when introducing biogas digesters, lest they may exacer-
bate forest degradation rather than reduce it.
Based on these findings, three policy implications can
be drawn from this study. First, households’ energy
choices did not necessarily depend on net income level.
Instead, households tended to choose energy sources
based on versatility of the sources for cooking, baking
injera, and making coffee. It is possible that the trad-
itional fuels influence the taste of these classic Ethiopian
dishes, and the process of gathering the fuels used in the
preparation of the food reflects multiple cultural and so-
cial traditions that provide value in addition to time and
fuel savings. Despite the introduction of biogas digesters
to the study area, all the households continued utilizing
firewood, charcoal, and animal dung. This implies that
deforestation and land degradation remain as unresolved
challenges in the study areas. Thus, the government
along with other partners should consider introducing
improved injera stoves at affordable prices. Assuming
that there is no impact on the taste of the food, this
would help households shift to utilize biogas energy for
baking and cooking purposes. Second, households’ con-
tinual dependence on firewood and charcoal implies the
need to pay particular attention to tree plantation
Table 6 Estimated annual benefits and costs attributed to biogas installation
Benefits and costs Annual benefits and costs in Birr Average benefits
and costs in Birr2011 2012 2014 2015
Benefit from increased teff yield – 3663 3905 2717 3429
Benefit from reduced use of fire wood – 180 168 78 142
Benefit from reduced use of charcoal – 1152 576 439 723
Benefit from reduced use of kerosene 72 0 0 0 72
Total benefits 4366
Initial Investment cost 12,308 – – – 12,308
Annual cost of investment (12% interest, 25 years) 1569 1569 1569 1569 1569
Average operating cost 293 293 293 293 293
Total operating costs 1862
Net annual social benefit per bio-digester 2504
Net annual private benefit per bio-digester
(minus cost supported by subsidy)
3717
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programs to alleviate shortage of fuel-wood sources
across rural areas. Third, the availability of credit ser-
vices appears to have positive influence on households’
choice for using biogas energy. Much like the findings of
other studies, this finding implies that access to financial
services may assist a farmer to make maintenances and
repair when a bio-digester fails to function. Hence, the
availability of credit services to rural households goes
along with higher probability to utilize biogas energy.
The empirical analysis identified potential limitations
that require further research. The study has given a pri-
ory emphasis on understanding the pattern of house-
hold’s energy choices in rural Ethiopia. It did not
consider the spillover effects of biogas digesters on rural
ecosystems or socio-cultural influences like food prepar-
ation routines. By providing a baseline analysis of house-
hold energy choices, the study fulfills the preceding
condition necessary to take the next step of investigating
spillover effects on the environment and rural Ethiopian
culture. Although the study does not directly assess the
relationship between biogas digesters and the env-
ironment, the empirical findings of this study are im-
portantly informative. Based on insights of the study
findings, we anticipate that future research may advance
knowledge about potential impacts of biogas adoption
on the environment and the implementation of energy
technologies that have potential to improve the well-
being of farmers dwelling within the study region and
across the world.
Endnotes
1Birr is the unit of money in Ethiopia. One USD was
equivalent to 19.32 Ethiopian Birr when data collection
was conducted in December 2015.
2Injera is tiny and flat-round bread traditionally made
from Teff. It is the staple food in Ethiopia and is baked
using either electricity or firewood or dung.
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